A series of fluorene-carbazole copolymers containing the pendant phosphor chromophore Ir(absn) 2 (acac) (absn: 2-(1-naphthyl)benzothiazole; acac: acetylacetone) were designed and synthesized via Yamamoto coupling. In the film state, these copolymers exhibited absorption and emission peaks at approximately 389 and 426 nm, respectively, which originated from the fluorene backbone. However, in electroluminescent (EL) devices, a significantly red-shifted emission at approximately 611 nm was observed, which was attributed to the pendant iridium(III) complex. Using these copolymers as a single emission layer, polymer light-emitting devices with ITO/PEDOT:PSS/polymer:DNTPD/TmPyPb/LiF/Al configurations exhibited a saturated red emission at 611 nm. The attached iridium(III) complex had a significant effect on the EL performance. A maximum luminous efficiency of 0.85 cd/A, maximum external quantum efficiency of 0.77, maximum power efficiency of 0.48 lm/W, and maximum luminance of 883 cd/m 2 were achieved from a device fabricated with the copolymer containing the iridium(III) complex in a 2% molar ratio.
Introduction
Polymer light-emitting diodes (PLEDs) based on phosphorescent heavy-metal complexes have recently attracted significant attention for next-generation displays and solidstate lighting technologies, because 100% internal quantum efficiency can theoretically be achieved and they can be fabricated through cost-effective solution processes such as spin-coating or ink-jet printing. 1, 2 In general, two strategies are used to generate phosphorescent polymer light-emitting diodes (PhPLEDs). One method involves physically blending the phosphor with the polymer host. Although highly efficient PhPLEDs have been achieved using this method, 3 potential problems such as aggregation and phase separation could diminish the lifetime and stability of the emission color of the devices. [4] [5] [6] Therefore, a second method that involves chemically attaching the phosphor to the polymer host was recently developed to overcome these issues. In previous reports, phosphorescent metal complexes were incorporated into the polymer main chain, grafted into the side chain, or hyper-branched into the polymer chain.
7-9
Some green hyper-branched polymers with high efficiencies 10 and a few efficient red phosphorescent polymers have been reported thus far.
The most widely used polymer hosts are poly(2,7-fluorene)s (PFs) and their derivatives, owing to their wide band gaps, high photoluminescence (PL) quantum efficiencies, and excellent conductivities. However, PFs are not considered as suitable hosts for red phosphorescent polymers because the triplet energy states (E T ) of PFs occur at 2.15-2.3 eV, 11 and are similar to those of typical red phosphorescent iridium complexes. However, in 2006, Holmes and co-workers reported a series of polyfluorene copolymers with red-emitting iridium complexes attached either directly or through a spacer; they proposed that Dexter triplet-energy back transfer could be inhibited by increasing the distance between the host and the iridium complex.
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In this study, we designed and synthesized a series of fluorene-carbazole copolymers with red-emitting Ir(absn) 2 -acac complex (absn: 2-(1-naphthyl)benzothiazole; acac: acetylacetone) grafted into the side chain. Ir(absn) 2 acac, which has an efficient, broad red emission, 13 was introduced through a -(CH 2 ) 8 -chain at the 9-position of the carbazole host. The guest and host monomers were copolymerized in varying monomer ratios using the Yamamoto polycondensation. The synthetic routes and chemical structures of the polymers are shown in Scheme 1. The thermal, electrochemical, photophysical, and electroluminescence properties of the copolymers will be discussed.
Experimental
Materials. Iridium(III) chloride, carbazole, and fluorene were purchased from Alfa Aesar, and acetylacetone was purchased from ACROS. 1-Naphthaldehyde and 2-aminothiophenol were obtained from Aldrich. Bis(1,5-cyclooctadiene)nickel(0) [Ni(COD) 2 ] was purchased from Strem. All reagents were used without further purification. 2-Ethoxyethanol was obtained from Junsei, anhydrous toluene was purchased from Aldrich, and N,N-dimethylformamide (DMF) was obtained from Alfa Aesar. 2-Ethoxyethanol was used after purging with dry nitrogen for 1 h. 2-(1-Naphthyl)-benzothiazole, 13 2,7-dibromo-9,9-bis(4-octyloxyphenyl)-fluorene,
8 and 3,6-dibromo-9-(tridecane-10,12-dionyl)-9H-carbazole 14 were prepared according to literature procedures. All manipulations involving IrCl 3 ·3H 2 O and other Ir(III) species were performed in a dry nitrogen atmosphere.
Synthesis of 3,6-Dibromo-9-((iridium(III)bis(2-(1-naphthyl)benzothiazine-N,C
2'
))-tridecane-10,12-dionyl)carbazole (1) . The cyclometalated Ir(III) μ-chloro dimer was synthesized via the method reported by Nonoyama.
15 Iridium(III) chloride (0.75 g, 2.5 mmol) and 2-(1-naphthyl)benzothiazole (1.5 g, 5.7 mmol) were added to a mixture of 2-ethoxyethanol and water (30 mL, 3:1, v/v) and refluxed at 125 °C for 12 h under a N 2 atmosphere. The solution was cooled to room temperature, and the resultant precipitate was collected and washed several times with water and petroleum ether to afford a dark-brown powder. The solid was dried in vacuo to give the cyclometalated iridium(III) μ-chloro dimer in a 74.3% yield. 3,6-Dibromo-9-(tridecane-10,12-dionyl)-9H-carbazole (0.59 g, 1.1 mmol), sodium carbonate (0.25 g, 2.3 mmol), and cyclometalated iridium(III) μ-chloro dimer (0.7 g, 0.5 mmol) were dissolved in 2-ethoxyethanol and refluxed for 12 h under a nitrogen atmosphere. After the crude solution was cooled to room temperature, it was poured into water, extracted with dichloromethane, dried over anhydrous magnesium sulfate, and concentrated in vacuo. The residue was purified via silica gel column chromatography with a dichloromethane and hexane (1:1) mixture as the eluent, and then recrystallized from a mixture of dichloromethane and hexane; a dark red solid complex was obtained in 36% yield. Synthesis of the Polyfluorene Derivative with 1 mol % Feed Ratio of the Iridium Complex (PFIrabsn1). 2,7-Dibromo-9,9-bis(4-octyloxyphenyl)fluorene (0.8 g, 1.09 mmol), 3,6-dibromo-9-((iridium(III)bis(2-(1-naphthyl)benzothiazine-N,C
))-tridecane-10,12-dionyl)carbazole (13.8 mg, 0.01 mmol), Ni(COD) 2 (0.46 g, 1.67 mmol), and 2,2'-dipyridyl (0.28 g, 1.79 mmol) were dissolved in a mixture of toluene and DMF (10 mL, 1:1, v/v) and stirred for 0.5 h. 1,5-Cyclooctadiene (0.20 mL) was added to the reaction mixture under an argon atmosphere. The resulting solution was stirred at 80 °C for 36 h, and then excess bromobenzene dissolved in anhydrous toluene (1 mL) was added to cap the end groups. The reaction mixture was stirred for an additional 12 h, then cooled to room temperature and slowly poured into methanol (200 mL). The polymer was collected by filtration and purified by silica gel column chromatography using chloroform as the eluent to remove the lowmolecular-weight oligomers and catalyst residues. The polymer was then further purified by Soxhlet extraction with acetone as the solvent. The resulting polymer was soluble in common organic solvents, including chloroform and toluene. The polymer yield was 52%. Synthesis of PFIrabsn2. 2,7-Dibromo-9,9-bis(4-octyloxyphenyl)fluorene (0.8 g, 1.09 mmol) and 3,6-dibromo-9-
))-tridecane-10,12-dionyl)carbazole (27.8 mg, 0.02 mmol) were used for the polymerization. Yield: 53%. Synthesis of PFIrabsn5. 2,7-Dibromo-9,9-bis(4-octyloxyphenyl)fluorene (0.75 g, 1.02 mmol) and 3,6-dibromo-9-
))-tridecane-10,12-dionyl)carbazole (67.2 mg, 0.05 mmol) were used for the polymerization. Yield: 28%. Device Fabrication. Devices with ITO/PEDOT:PSS/ polymer:DNTPD/TmPyPb/LiF/Al configurations were fabricated using each of the synthesized polymers, as follows: Indium tin oxide (ITO) glass substrates were consecutively washed with acetone, detergent, distilled water, and 2-propanol. After treatment with oxygen plasma for 25 min, a 60 nm thick layer of poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonic acid) (PEDOT:PSS, Bayer AG, Germany) was spin-coated onto the ITO substrates. The spin-coated film was baked in air at 120 °C for 20 min. The light-emitting polymer and N,N'-bis-[4-(di-m-tolylamino)-phenyl]-N,N'-diphenylbiphenyl-4,4-diamine (DNTPD) (in a 1:1 weight ratio) were then dissolved in chlorobenzene, filtered through a 0.50 μm PTFE (hydrophobic) syringe filter, and spin-coated onto the PEDOT:PSS layer. The active layer was around 30 nm thick, as determined using an Alpha-Step IQ surface profiler (KLA Tencor). After spincoating, the devices were immediately transferred into a vacuum chamber where they were annealed at 80 °C for 30 min to remove residual chlorobenzene. Then, a 30 nm thick 1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene (TmPyPb) electron transport layer, a 1 nm thick LiF layer, and a 100 nm thick Al layer were thermally deposited at a pressure of ~1 × 10 −7
Torr.
Measurements.
1
H NMR spectra were recorded in CDCl 3 on a Varian Mercury 300 MHz spectrometer. The numberand weight-average molecular weights (M n and M w , respectively) and the polydispersity indices (PDIs) of the polymers were determined via gel permeation chromatography (GPC) analysis relative to a polystyrene standard using a Waters high-pressure GPC assembly (model M590). Thermogravimetric analysis (TGA) was performed on a LABSYS analyzer (SETARAM instrumentation) under nitrogen atmosphere at a heating rate of 10°C min absorption was recorded using a Scinco S-3100 UV-visible spectrophotometer. Photoluminescence emission spectra were recorded using a Hitachi F-7000 fluorescence spectrophotometer. The excitation wavelengths for the monomer and the copolymers were 400 nm and 350 nm, respectively. Cyclic voltammetry (CV) was carried out in acetonitrile (CH 3 CN) solution containing 0.1 M tetrabutylammonium tetrafluoroborate (TBABF 4 ) as the supporting electrolyte using a CH Instruments electrochemical analyzer with a Ag/AgNO 3 reference electrode and a platinum wire counter electrode. Electroluminescence (EL) spectra and CIE coordinates were obtained using a Minolta CS-1000 spectroradiometer. Current-voltage-luminance (I-V-L) characteristics were recorded using Keithley 2635A and Minolta CS-100A instruments.
Results and Discussion
Synthesis and Characterization. The synthetic routes for the iridium complex monomer and corresponding electrophosphorescent polymers are depicted in Scheme 1. 2-(1-Naphthyl)benzothiazole, 13 2,7-dibromo-9,9-bis(4-octyloxyphenyl)fluorene,
8 and 3,6-dibromo-9-(tridecane-10,12-dionyl)-9H-carbazole 14 were synthesized according to reported procedures. The structure of the obtained iridium complex monomer 1 was confirmed by 1 H NMR as shown in Figure 1 . The characteristic protons H a and H a' from the absn ligand, H n from the acac ancillary ligand, and H o from the alkyl chain of the carbazole group were clearly observed at 8.60, 8.52, 5.05, and 4.21 ppm, respectively. The integral ratios of the protons were in good accordance with the monomer structure.
The copolymers were prepared via Yamamoto polymerization and end-capped with excess bromobenzene. The feed ratios of 3,6-dibromo-9-((iridium(III)bis(2-(1-naphthyl)benzothiazine-N,C
2'
))-tridecane-10,12-dionyl)carbazole to 2,7-dibromo-9,9-bis(4-octyloxyphenyl)fluorene were 0, 1, 2, and 5 mol %; the corresponding polymers were designated as PFIrabsn0, PFIrabsn1, PFIrabsn2, and PFIrabsn5. The actual compositions of the synthesized copolymers were determined using 1 H NMR spectroscopy. The ratio of the 1 H NMR signal at 5.05 ppm, which was assigned to the proton on the acac ligand of the iridium monomer 1, to the signal at 3.88 ppm, which was assigned to the protons of the alkyl chains of fluorene, was used to estimate the actual content of iridium complex in the copolymers. The feed ratios and actual contents of the iridium complex are listed in Table 1 . Similar to other reported iridium-containing polymers, 16 the actual contents of the iridium complex in the copolymers were lower than the monomer feed ratios; this was possibly because of the low reactivity of the iridium complex monomer toward Yamamoto coupling. As determined by GPC, the M n values were 10,200-28,500 with PDIs of 2.4-2.6 for the copolymers ( Table 1 ). The thermal properties of the synthesized polymers, assessed by TGA in a nitrogen atmosphere, are shown in Table 1 . The decomposition temperatures of the copolymers were relatively high (T d : 430-400 °C). The detailed structural and thermal properties of the copolymers are summarized in Table 1 .
Optical and Electrochemical Properties. Figure 2 shows the UV-visible absorption and PL emission spectra of the iridium complex monomer 1 in dichloromethane solution at room temperature. The strong absorptions at 273 and 303 nm correspond to the 1 π-π* transition from the carbazole unit and the cyclometalated ligand absn. 17 The absorptions at 320-400 and 450-550 nm correspond to the spin-allowed metal-to-ligand ( 1 MLCT) transition and the spin-forbidden metal-to-ligand ( 3 MLCT) transition, respectively. 13 The maximum PL emission and a shoulder PL emission of monomer 1 were observed at 611 and 663 nm, respectively, at room temperature. The measured E T of monomer 1 was 2.03 eV.
The UV-visible absorption spectra of the copolymer thin films are shown in Figure 3(a) . The characteristic absorption bands corresponding to the π-π* transitions of the conjugated backbones were observed at 320-440 nm. The absorption of the iridium complex was buried in the absorption bands of the polymer main chains because of its low content. As the ratios of iridium complex in the copolymer increased, the position of the onset absorption did not appear to move to a longer wavelength. Figure 3(b) shows the PL spectra of the copolymer thin films. The copolymer emissions were dominant at 426 nm with a small shoulder at 612 nm. The emission peaks at 426 nm were attributed to the fluorene host, and the 612 nm peaks were ascribed to the grafted absn complex. The relative intensities of the peaks at 426 nm remained almost independent of the Ir-complex content of the copolymers, but the red emission at 612 nm gradually increased as the Ir complex content increased. However, compared with the blue emissions from the host units, the red emissions from the Ir complexes were quite weak in the film state.
The electrochemical properties of the copolymers were studied by CV and are listed in Table 2 . The copolymers showed oxidation waves with onsets between 1.09-1.12 V of the oxidation potential for the PFIrabsn copolymers, depending on the copolymer compositions. According to the literature, the HOMO level can be estimated from the onset oxidation potentials using the following equation: HOMO = (4.8 + E ox,onset -E Fc ), where E ox,onset and E Fc are the onset oxidation potentials of the polymers and ferrocene, respectively. 18 The HOMO levels were calculated to be −5.80 to −5.83 eV, while the LUMO levels were −2.89 to −2.93 eV. The iridium complex content did not significantly affect the HOMO and LUMO levels of the copolymers.
Device Properties. Electroluminescent devices with ITO/ PEDOT:PSS/polymer:DNTPD/TmPyPb/LiF/Al configurations were fabricated, as shown in Figure 4 . To balance the carrier transport, a well-known electron transporting molecule, DNTPD, 19 was blended with the copolymers, which exhibited good hole-transporting properties, in a 1:1 weight ratio. TmPyPb was used as the electron-transporting layer.
The EL spectra of the fabricated devices are shown in Figure 5 . The red emission band from the iridium complex was very weak in the PL spectra because of incomplete energy transfer from the main chain polymer host to the iridium complex in the side chain. In contrast to the PL spectra of the copolymers, the EL spectra shifted to longer wavelengths as the content of iridium complex in the copolymers increased. When the content of the iridiumcontaining monomer was higher than 1%, the emission at around 611 nm clearly appeared. The emission of the fluorene host was almost quenched when the content of the grafted iridium complex reached 2 mol %. The substantial differences in the PL and EL spectra indicated that the predominant mechanism of the EL devices was charge trapping rather than energy transfer. The energy transfer process from the single excitons formed by photo-excitation of the host polymer to the triplet state of the iridium complex (by Förster energy transfer) would not be efficient in our host-guest system. 20 However, the excitons formed by electrical injection could be trapped in the iridium complex because of the difference in the HOMO/LUMO energy levels of the host and guest. Therefore, emission would occur predominantly at the red iridium complex in the EL devices. The EL spectra of devices using PFIrabsn2 and PFIrabsn5 copolymers as the emissive layers exhibited peak emissions at 611 nm, whereas a white emission with CIE coordinates of (0.26, 0.38) was observed from the device with copolymer PFIrabsn1. The latter result indicates that pure white emission can be achieved by tuning the content of the grafted iridium complex. Two simultaneous emissions from the host (i.e., blue emission) and the grafted iridium complex (i.e., broad red emission) can be expected.
The current density-voltage-luminance characteristics of the copolymers are shown in Figure 6 . Low PhPLED turnon voltages in the range of 3.5-5 V were observed, which can be attributed to the good charge injection of the device. The turn-on voltage of the PFIrabsn0 device was 5.0 V, while the turn-on voltages were 3.5 V for other devices regardless of the iridium contents in the copolymers. The current densities of the devices using the iridium-containing copolymers (PFIrabsn1, PFIrabsn2, and PFIrabsn5) were higher than that of the PFIrabsn0 device, as shown in Figure  6 . The highest luminance, i.e., 883 cd/m 2 , was observed with the PFIrabsn2 copolymer.
The luminous efficiencies (LEs) and power efficiencies (PEs) as functions of luminance are shown in Figures 7(a) and 7(b). Among the four copolymers, the best device performance was observed with PFIrabsn2. A maximum quantum efficiency (EQE) of 0.77%, maximum LE of 0.85 cd/A, and maximum PE of 0.48 lm/W with a maximum brightness of 883 cd/m 2 were observed using this polymer, which had CIE coordinates of (0.57, 0.36). In particular, the luminous efficiencies of the EL device fabricated with PFIrabsn2 were almost constant with increasing luminance from 60 to 200 cd/m 2 . This indicated that grafting the phosphorescent complexes into the polymer backbone via a long alkyl side chain could inhibit the efficiency roll-off, even at high current density, 21 because the Dexter energy transfer could be inhibited by increasing the distance between the host and iridium complex and the distance between the iridium complexes.
12 White light with CIE coordinates of (0.26, 0.38) was observed from the PhPLED fabricated with PFIrabsn1. The white PhPLEDs exhibited a maximum EQE of 0.33%, maximum LE of 0.55 cd/A, and maximum PE of 0.33 lm/W with a maximum brightness of 661 cd/m 2 . The performances of the fabricated devices are summarized in Table 2 .
Conclusion
A series of new phosphorescent polymers containing redemitting iridium complexes were designed and synthesized. Each iridium complex was grafted through a long alkyl chain at the 9-position of carbazole, which was copolymerized with fluorene. By grafting the iridium complex through a tethering group, Dexter energy back-transfer was impaired and stable red emissions were observed. White emission was observed from the PFIrabsn1 copolymers, which demonstrated that high-performance white PhPLEDs could be obtained using a single copolymer with pendant iridium complexes.
